Introduction
Over the past ten years, transition metal-free cross coupling reactions of aryl halides with benzenes have become a major interest since they were first observed by Itami. 1, 2 These reactions require a base (typically potassium tert-butoxide) and an additive. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Whilst organic additives are not always used, 10, 11, 15 they significantly enhance reaction efficiency in terms of yield and time. The widely-accepted mechanism involved in these coupling reactions is base-promoted homolytic aromatic substitution (BHAS). 17 A molecule of halobenzene 1 receives an electron and forms an aryl radical 2 which adds to benzene to yield an intermediate cyclohexadienyl radical 3. Deprotonation by the base yields radical anion 4, which gives an electron to another halobenzene 1, propagating the chain, and simultaneously releasing biaryl product 5 (Scheme 1).
The initiation process, in other words, the formation of aryl radical 2 from aryl halide 1 to start the chain, has been a main field of research for our group. [18] [19] [20] Understanding the nature of this process is the key to extrapolating this transition metalfree cross-coupling reaction to aryl bromides and chlorides which remain more challenging substrates than aryl iodides. We recently reported a study on organic additives and mechanistic studies on their ability to initiate cross-coupling reactions under basic conditions. 19 We have been particularly interested in amino acids as additives since the report of proline and sarcosine as initiators under basic conditions. 11 Amino acids can undergo condensation to form peptides 21 and also cyclic dipeptides under microwave conditions. 22 These cyclic dipeptides, usually called diketopiperazines (DKP), once deprotonated, could act as electron donors. A N,N -dipropyl diketopiperazine 6 has already been reported by our group and was used as an electron donor under basic conditions. 19 This DKP was found to be a good initiator of coupling reactions with iodobenzenes. Herein, we report diketopiperazines 7-10, with different substituents on the nitrogens, all including a phenyl ring in order to improve the DKP solubility in benzene. These DKPs were found to be good initiators for the coupling of iodobenzenes and, for some of them, good initiators for the coupling of bromobenzenes with benzene ( Figure 1 ).
Results and discussion
The diketopiperazines 7-10 were each made following the same strategy: amide formation by reaction of an amine with an acyl chloride followed by alkylation reaction under basic conditions (Scheme 2). 19 This easy process afforded the expected diketopiperazines in good to excellent yields. The coupling reactions of several halobenzenes with benzene were made using a substoichiometric amount of DKP, with an excess of potassium tert-butoxide used to deprotonate the DKP, forming an enolate that can act as an electron donor (Scheme 3).
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In principle, the monoanions 20-23 could undergo a second deprotonation leading to a dianion species, as we recently reported the formation of dianions with several additives such as pyridine carbinols. 23 We also reported 19 that the DKP 24, synthesized so that only one position is available for deprotonation, is able to promote the coupling reaction of iodobenzenes with benzene efficiently. Therefore, we propose that only one deprotonation happens and that this is necessary and sufficient for the reaction to be initiated. Once synthesized, each DKP was engaged as an initiator in cross-coupling reactions of unactivated halobenzenes with benzene ( Figure 2 ). Additive 7 was particularly efficient to promote the coupling of iodobenzenes to benzene however, its efficiency for the coupling of bromobenzenes to benzene was not satisfactory (Table 1 and Table 2 ). We were pleased to find that additive 8 was efficient with both iodobenzenes and bromobenzenes (except for the particular case of 3-bromoanisole 34). This made us consider the effect of the N-substituent on the reductive ability of the electron donors 20-23. The phenyl substituent of 20 decreases the reductive capacity due to its withdrawing inductive effect. 24 Computational optimization [25] [26] of the structure of 20 shows there is no co-planarity of the two arene rings with the centre ring, and thus little or no electron delocalisation by resonance ( Figure 3 ). We also checked the spin density of 20
. and found that it is localised only on its central ring and not on the phenyl substituents. DKPs 9 and 10 also promoted the coupling reaction of aryl bromides with benzene but not as efficiently as DKP 8. Their efficiency with aryl bromides shows a stronger reductive effect than 20 since the inductive effect of the N-substituents of 21-23 is donating. 24 We also computationally optimized the electron transfer reaction 27 involving these initiators and found lower barriers for 21-23, derived from 8-10, than 20, derived from 7 which is in accordance with our experimental results (Table 3) . However, none of these DKP donors was able to promote the coupling reaction of chlorobenzenes or fluorobenzenes to benzene. In the particular case of 3-bromoanisole 34, very low yields of the coupling product with benzene were found, no matter which DKP was used. Instead, we found a selective formation of 1-(tert-butoxy)-3-methoxybenzene 44 resulting from a selective benzyne formation, by action of potassium tertbutoxide on 3-bromoanisole 34, followed by a selective nucleophilic addition of tert-butoxide to the benzyne 45 (Scheme 4). This particular selectivity in both the formation of the benzyne and the addition of tert-butoxide is known 27 and can be explained as follows: of the two protons leading to the formation of benzyne by their elimination, the more acidic one is ortho to the methoxy group due to the attractive inductive effect of this substituent. Also, the potassium can coordinate with the methoxy group and direct the selective deprotonation on its ortho position. The addition of tert-butoxide to benzyne 45 is meta to the methoxy group as this leads to the formation of the more stable carbanion due to the inductive attractive effects of both the methoxy and tert-butoxy groups. The selectivity of the addition is also in accordance with computational results published by Houk and Garg 29 who showed that the nucleophilic addition will happen on the aryne terminus with the larger internal angle which, in the case of a mono-substituted benzyne such as 45, is at the metaposition of the substituent. Our optimized structure of 45 meta ortho position. An interesting fact is, while the benzyne formation/nucleophilic addition was favored over the actual coupling reaction with 3-bromoanisole 34, the opposite happened with 3-iodoanisole 27 where the coupling with benzene was not affected by any other reaction. This shows again that iodobenzenes are more reactive substrates toward electron transfer than bromobenzenes due to the high reactivity of the C-I bond.
Anion 20
Radical
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Anion 21
Radical 21 . The ability of aryl halides to generate benzynes 30 should not be underestimated and it is not a process only seen with metahaloanisoles. In fact, it is a process that occurs during all the reactions we report. The key to make the benzyne formation a side-reaction is the use of an additive such as the several DKPs we report here (except for the particular case of 3-bromoanisole 34). When we reacted 4-bromoanisole 35 with DKP 8 under our general conditions, we found not only the coupling product 40 but also two regioisomers 44 and 46 resulting from the nucleophilic addition of tert-butoxide on a benzyne ring (Scheme 5).
The addition of tert-butoxide was also observed when bromobenzene 32 was used under the same conditions and formed tert-butoxybenzene 48. 
Scheme 4
When increasing the temperature of the reaction to see if this could improve the coupling reaction with bromobenzenes and eventually chlorobenzenes (chlorobenzene 49 and 4-chloroanisole 50 were tested), noted that an increased temperature actually disfavoured the coupling reaction and did not alter the benzyne formation. Chlorobenzenes as substrates along with a DKP donor initiator never afforded the desired coupling product. These less reactive substrates toward metal-free cross-coupling reactions remain a challenge that will require even more powerful organic electron donors to be overcome. The benzyne formation from aryl halides under basic conditions can also alter the cross-coupling reaction of electron-poor aryl halides with benzene. On one hand, 4-iodobenzonitrile 51 and 4-bromobenzonitrile 52 afforded the expected coupling product 53 with benzene when DKPs 7 and 8 were used (Scheme 6), with a moderate amount of benzyne adducts observed only when DKP 7 was used with 4-bromobenzonitrile 52 alongside with a small amount of 53. These last results show that some electron poor aryl halides might favour the benzyne mechanism over the cross-coupling reaction thus not being suitable substrates for metal-free cross-coupling reactions involving electron transfer under basic conditions.
Conclusions
Effective additives for initiating the cross-coupling reaction of iodo and bromoarenes with benzene in the presence of potassium tert-butoxide were found. These additives are N,Ndisubstituted diketopiperazine derivatives and may arise from secondary amino acids, such as proline, under the conditions of the cross coupling reactions. Some of these novel additives mediate the transition metal-free cross coupling reactions not only of unactivated aryl iodides but also aryl bromides with benzene, and this depends on the substituents attached to the nitrogens of the diketopiperazines. Achieving the same reaction with aryl chlorides remains a challenging process and likely requires even more powerful electron donors. Under current protocols, chlorobenzenes undergo preferential formation of benzyne rather than the cross-coupling reaction.
Experimental Section
General experimental information All the reactions were performed in oven-dried apparatus and preparation of the diketopiperazines was carried out under argon atmosphere using dry solvents. Tetrahydrofuran, dichloromethane and hexane were dried with a Pure-Solv 400 solvent purification system by Innovative Technology Inc., U.S.A. A glove box (Innovative Technology Inc., U.S.A.) was u A A B
concentrate the reaction mixtures. Thin layer chromatography (TLC) was performed using aluminium-backed sheets of silica gel and visualized under a UV lamp (254 nm). Column chromatography was performed to purify compounds by using silica gel 60 (200-400 mesh). Proton NMR ( 1 H) spectra was recorded at 400 MHz on a Bruker DPX 400 spectrometer. Carbon NMR ( 13 C) spectra were recorded at 100
MHz. The chemical shifts are quoted in parts per million (ppm) by taking tetramethylsilane as a reference ( = 0) but calibrated on the residual non-deuterated solvent signal. Signal multiplicities are abbreviated as: s, singlet; d, doublet; t, triplet; q, quartet; qt, quintet; m, multiplet; bs, broad singlet; coupling constants are given in Hertz (Hz). Infra-Red spectra were recorded using a Shimadzu FT-IR Spectrophotometer (Model IRAffinity-1) with a MIRacle Single Reflection Horizontal ATR Accessory. Melting points were determined on a Gallenkamp Melting point apparatus. High resolution mass spectra were recorded at EPSRC National Mass Spectrometry Service Centre, Swansea. The spectra were recorded using electron ionization (EI), chemical ionization (CI), fast atom bombardment (FAB) or electrospray ionization (ESI) techniques as stated for each compound.
Synthesis of Diketopiperazines 7-10
Preparation of 1,4-diphenylpiperazine-2,5-dione 7 [R = Ph]
To a solution of freshly distilled aniline 12 (1.0 equiv, 6.0 g, 64.43 mmol) and triethylamine (1.1 equiv, 9.87 ml, 70.87 mmol) in DCM (100 mL) was slowly added chloroacetyl chloride 11 (1.1 equiv, 5.64 ml, 70.87 mmol). After addition, the mixture was stirred at RT for 45 min and quenched with water (70 mL) and extracted with DCM (3 x 40 mL). The combined organic phases were washed with hydrochloric acid (2M, 100 mL) and with a saturated solution of NaHCO3 (100 mL). Sodium hydride (60% in oil, 1.0 equiv, 2.47 g, 62.02 mmol) was washed with dry hexane (2 x 20 mL) and the hexane was removed via cannula. Dry THF (50 mL) was added to the sodium hydride and the mixture was cooled to 0 °C. A solution of 16 (1.0 equiv, 10.52 g, 62.02 mmol) in dry THF (150 mL) was slowly added. The resulting mixture was stirred from 0 °C to RT for 17 h. Water (200 mL) was added and the resulting mixture was filtered on a funnel to isolate the product as a solid, which was washed with DCM. The filtrate was extracted three times with DCM. The organic phase and the isolated solid were combined and concentrated to afford the product 1,4-diphenylpiperazine-2,5-dione 7 as a pale brown solid (8. 
Preparation of 1,4-dibenzylpiperazine-2,5-dione 8 [R=CH2Ph]
To a solution of benzylamine 13 (1.0 equiv, 1.0 g, 9.33 mmol) and triethylamine (1.1 eq, 1.43 mL, 10.27 mmol) in DCM (30 mL) was
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Please do not adjust margins slowly added chloroacetyl chloride (1.1 equiv, 0.82 mL, 10.27 mmol). After addition, the mixture was stirred at RT for 45 min and quenched with water (20 mL) and extracted with DCM (3 x 20 mL). The combined organic phases were washed with hydrochloric acid (2M, 20 mL) and with a saturated solution of NaHCO3 (20 mL 
Preparation of 1,4-diphenethylpiperazine-2,5-dione 9 [R = (CH2)2Ph]
To a solution of 2-phenylethan-1-amine 14 (1.0 equiv, 1.0 g, 8.25 mmol) and triethylamine (1.1 equiv, 1.4 mL, 9.08 mmol) in DCM (30 mL) was slowly added chloroacetyl chloride (1.1 equiv, 0.73 mL, 9.08 mmol). After addition, the mixture was stirred at RT for 45 min and quenched with water (20 mL) and extracted with DCM (3 x 20 mL). The combined organic phases were washed with hydrochloric acid (2M, 20 mL) and with a saturated solution of NaHCO3 (20 mL). The organic phase was dried over Na2SO4, filtered and concentrated to afford the product 2-chloro-N-phenylacetamide 18 as a brown solid (1.275 g, 6.45 mmol, 78.2%). M.Pt: 60-61 °C (lit. 66-67 °C). 35 Sodium hydride (60% in oil, 1.0 equiv, 258 mg, 6.45 mmol) was washed with dry hexane (2 x 10 mL) and the hexane was removed. Dry THF (20 mL) was added to the sodium hydride and cooled down to 0 °C and a solution of 18 (1.0 equiv, 1.275 g, 6.45 mmol) in dry THF (30 mL) was slowly added. The resulting mixture was stirred from 0 °C to RT for 17 h. The mixture was quenched with water (30 ml) and extracted with DCM (4 x 30 ml). The combined organic phases were concentrated at B . The crude product was dissolved into DCM and purified by column chromatography on silica gel using DCM/MeOH (98%/2%). 1,4-diphenethylpiperazine-2,5-dione 9 was obtained as a beige solid (588 mg, 1 Sodium hydride (60% in oil, 1.0 equiv, 220.5 mg, 5.51 mmol) was washed with dry hexane (2 x 10 mL) and the hexane was removed. Dry THF (20 mL) was added to the sodium hydride and cooled down to 0 °C and a solution of 19 (1.0 equiv, 1.167 g, 5.51 mmol) in dry THF (30 mL) was slowly added. The resulting mixture was stirred from 0 °C to RT for 22 h. The mixture was quenched with water (30 ml) and extracted with DCM (4 x 30 ml). The combined organic phases were concentrated at rotavap. The crude product was dissolved into DCM and purified by column chromatography on silica gel using DCM/MeOH (98%/2% 
General Reaction Conditions
All reactions were performed on a 1.0 mmol scale of the aryl halide. The mixture of the aryl halide (1.0 mmol), additive (0.1 mmol) and potassium tert-butoxide (337 mg, 3.0 mmol) in 10 mL of benzene was sealed in a 15 mL pressure tube in glovebox. The tube was removed from the glovebox and heated at indicated temperature for indicated amount of time behind a shield. After cooling to room temperature, the reaction was quenched by water (30 mL). The mixture was extracted with diethyl ether (3 x 30 mL). The combined organic layers were dried over sodium sulfate, filtered and concentrated. 1,3,5-trimethoxybenzene was added to the crude product as an internal standard and 1 H NMR of the resulting crude reactuion mixture was used to quantify the yields of the reactions. 
All reactions were performed on a 1.0 mmol scale of the aryl halide. The mixture of the aryl halide (1.0 mmol), additive (0.1 mmol) and potassium tert-butoxide (337 mg, 3.0 mmol) in 10 mL of benzene was sealed in a 15 mL pressure tube in glovebox. The tube was removed from the glovebox and heated at 130 °C for 18 h behind a shield. After cooling to room temperature, the reaction was quenched by water (30 mL). The mixture was extracted with diethyl ether (3 x 30 mL) . The combined organic layers were dried over sodium sulfate, filtered and concentrated. The residue was purified by column chromatography eluting with Et2O (10%) in hexane. Please do not adjust margins Please do not adjust margins All reactions were performed on a 1.0 mmol scale of the aryl halide. The mixture of the aryl halide (1.0 mmol), additive (0.1 mmol) and potassium tert-butoxide (337 mg, 3.0 mmol) in 10 mL of benzene was sealed in a 15 mL pressure tube in glovebox. The tube was removed from the glovebox and heated at 130 °C for 18 h behind a shield. After cooling to room temperature, the reaction was quenched by water (30 mL). The mixture was extracted with diethyl ether (3 x 30 mL) . The combined organic layers were dried over sodium sulfate, filtered and concentrated. The residue was purified by column chromatography eluting with Et2O (1%) in hexane. 
Substrate
